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and 

James E.  C a i r e l l i  
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SUMMARY 

A U n i t e d  S t i r l i n g  4-95 S t i r l i n g  engine was t e s t e d  w i t h o u t  a u x i l i a r i e s  a t  
t h e  NASA Lewis Research Center .  Three d i f f e r e n t  r e g e n e r a t o r  c o n f i g u r a t i o n s  
were t e s t e d  w i t h  hydrogen. The t e s t  o b j e c t i v e s  were: ( 1 )  t o  o b t a i n  steady- 
s t a t e  and dynamic engine da ta ,  i n c l u d i n g  i n d i c a t e d  power, f o r  v a l i d a t i o n  o f  an 

w e x i s t i n g  NASA Lewis computer model fo r  t h a t  engine;  and ( 2 )  t o  e v a l u a t e  s t r u c -  
t u r a l l y  t h e  use o f  s i l i c o n  c a r b i d e  r e g e n e r a t o r s .  

cr) 
m 
m 
ru 
I 

T h i s  paper p resen ts  comparisons o f  t h e  measured brake performance, i n d i -  
ca ted  mean e f f e c t i v e  p ressu re  ( I M E P ) ,  and c y c l i c  p ressu re  v a r i a t i o n s ,  w i t h  
those p r e d i c t e d  by t h e  code. 

The measured d a t a  tended t o  be lower  than t h e  computer code p r e d i c t i o n s .  
The s i l i c o n  c a r b i d e  foam regenera to rs  appear t o  be s t r u c t u r a l l y  s u i t a b l e  b u t  
t h e  foam m a t r i x  t e s t e d  s e v e r e l y  reduced performance. 

INTRODUCTION 

The work d e s c r i b e d  i n  t h i s  paper was conducted as p a r t  of t h e  s u p p o r t i n g  
research  and techno logy  a c t i v i t i e s  under t h e  DOEINASA S t i r l i n g  Engine Highway 
V e h i c l e  Systems program. 

I n  an a t t e m p t  t o  v e r i f y  t h e  S t i r l i n g  engine computer code developed a t  
NASA Lewis,  t e s t i n g  was performed a t  NASA Lewis u s i n g  a U n i t e d  S t i r l i n g  4-95 
(P-40) engine.  The p r i m a r y  o b j e c t i v e  o f  these t e s t s  was t o  o b t a i n  s teady -s ta te  
and dynamic engine da ta ,  i n c l u d i n g  i n d i c a t e d  power, f o r  v a l i d a t i o n  o f  t h i s  
code. A secondary o b j e c t i v e  was t o  e v a l u a t e ,  s t r u c t u r a l l y ,  t h e  use o f  s i l i c o n  
c a r b i d e  foam regenera to rs  i n  a S t i r l i n g  engine.  

A b r i e f  d e s c r i p t i o n  o f  t h e  computer code, a l o n g  w i t h  t h e  r e s u l t s  o f  t h e  
t e s t i n g  i s  i n c l u d e d .  
power and e f f i c i e n c y ,  i n d i c a t e d  mean e f f e c t i v e  p ressu re  ( I M E P ) ,  and dynamic 
pressures.  The s t r u c t u r a l  and thermodynamic performance o f  t h e  s i l i c o n  ca r -  
b i d e  r e g e n e r a t o r s  i s  a l s o  d iscussed.  

The comparisons w i t h  t h e  computer code i n c l u d e  b rake  



DESCRIPTION OF COMPUTER CODE 

The computer code used t o  model t h e  P-40 S t i r l i n g  engine was developed a t  
NASA Lewis ( r e f .  1 ) .  The code i s  o f  t h e  t h i r d - o r d e r  t ype  and c a l c u l a t e s  engine 
performance, pressures,  and temperatures by u s i n g  a c t u a l  engine d a t a  i n p u t  as 
boundary c o n d i t i o n s .  I n p u t s  i n c l u d e  mean c y c l e  p ressu re ,  h e a t e r  tube and c y l -  
i n d e r  metal  temperatures,  c o o l i n g  water  i n l e t  temperature and flow, a l o n g  w i t h  
engi  ne speed. 

F r i c t i o n  f a c t o r  and N u s s e l t  number c o r r e l a t i o n s  used for t h e  h e a t e r  and 
c o o l e r  tubes a re  those from Kayes and London ( r e f .  2 ) .  Regenerator p ressu re  
drop d a t a  was o b t a i n e d  i n  t h e  NASA Lewis s teady -s ta te  flow r i g  w i t h  n i t r o g e n .  
Regenerator heat  t r a n s f e r  c h a r a c t e r i s t i c s  were measured i n  t h e  s i n g l e  b low h e a t  
t r a n s f e r  r i g  a t  Mechanical Technology I n c .  ( M T I ) .  The f r i c t i o n  f a c t o r  and heat  
t r a n s f e r  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  as a f u n c t i o n  of Reynolds number and 
i n p u t  i n t o  t h e  code ( f i g s .  1 and 2 ) .  The code assumes t h a t  heat  t r a n s f e r  and 
flow losses  i n  t h e  duc ts  connec t ing  t h e  heat  exchangers a r e  n e g l i g i b l e .  The 
code does n o t  i n c l u d e  t h e  e x t e r n a l  h e a t i n g  system. There fo re ,  t h e  measured 
brake e f f i c i e n c y  was based on t h e  energy f low i n t o  t h e  h e a t e r  head. 

TEST APPARATUS AND PROCEDURE 

The U n i t e d  S t i r l i n g  4-95 engine and t e s t  f a c i l i t y  a r e  t h e  same as those 
used f o r  p rev ious  t e s t i n g  a t  NASA L e w i s  ( r e f .  3 ) .  The engine i s  a double- 
a c t i n s  four  c y l i n d e r  w i t h  U-d r i ve .  The engine w i t h  a u x i l i a r i e s  i s  r a t e d  a 
about-40 kW. - F o r  these t e s t s  t h e  a u x i l i a r i e s  w e r e  removed from t h e  engine 
d r i v e n  by e l e c t r i c  motors. Only  t h e  l u b e  o i l  pump and hydrogen compressor 
powered by t h e  engine.  The engine and t e s t  f a c i l i t y  a re  d e s c r i b e d  i n  some 
d e t a i l  i n  r e f e r e n c e  3. 

A NASA-designed modular e l e c t r o n i c  i n s t r u m e n t a t i o n  system ( M E I S ) ,  was 
for  " o n - l i n e "  c a l c u l a t i o n  o f  t h e  i n d i c a t e d  mean e f f e c t i v e  p ressu re  ( I M E P )  
t h e  comwession space and expansion space f o r  each thermodynamic c y c l e  i n  

and 
were 

used 
n 
he 

engine. '  The M E I S '  system w a s . o r i g i n a l 1 y  designed f o r  use w i t h  I n t e i n a l  combus- 
t i o n  engines ( r e f .  4 ) .  T h i s  d e v i c e  was m o d i f i e d  by adding a scanner t o  a l l o w  
sampl ing o f  a l l  e i g h t  work ing  spaces w i t h  o n l y  two I M E P  modules. There a r e  
seve ra l  parameters a v a i l a b l e  as o u t p u t s  from t h e  M E I S  sys tem.  These i n c l u d e  
t h e  average fo r  100 r e v o l u t i o n s  and per  r e v o l u t i o n  I M E P  va lues for  each work ing  
space; r e a l - t i m e  p ressu re  and work ing  space volumes fo r  each work ing  space; 
c r a n k s h a f t  p o s i t i o n ;  and a marker i n d i c a t i n g  which thermodynamic c y c l e  i s  b e i n g  
sampled. These o u t p u t s  were reco rded  u s i n g  t h e  d i g i t a l  and ana log  c e n t r a l  d a t a  
systems as a p p r o p r i a t e .  

Three d i f f e r e n t  r e g e n e r a t o r  c o n f i g u r a t i o n s  w e r e  t e s t e d :  s tandard  s i n t e r e d  
s t a i n l e s s  s t e e l  w i r e  mesh screens, s i n t e r e d  w i r e  mesh screens o p t i m i z e d  f o r  
part-power c o n d i t i o n s ,  and a combinat ion o f  s tandard w i r e  mesh and s i l i c o n  ca r -  
b i d e  regenera to rs .  
an average hea te r  tube thermocouple temperature o f  720 "C and a c o o l i n g  water 
i n l e t  temperature o f  50 "C. 
regenera to r  c o n f i g u r a t i o n  ove r  a range o f  mean c y c l e  p ressu re  from 5 t o  15 MPa 
and speeds f r o m  1000 to  4000 rpm. Steady-state d a t a  (speeds, p ressu res ,  tem- 
pe ra tu res ,  e t c . )  and dynamic d a t a  (engine crank ang le  and work ing  space p res -  
sures) were recorded.  Computer code p r e d l c t i o n s  were made to  compare w i t h  t h e  

A l l  t e s t i n g  was done w i t h  hydrogen as t h e  work ing  f l u i d ,  

The engine performance was measured w i t h  each 
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t e s t  d a t a  u s i n g  t h e  measured s teady 
as i n p u t s .  

Steady-state f l o w  c h a r a c t e r i s t  
sured w i t h  n i t r o g e n  i n  t h e  NASA Lew 
t e s t s ,  t h e  regenera to rs  w e r e  i n s t a l  
c h a r a c t e r i s t i c s .  

s t a t e  d a t a  and r e g e n e r a t o r  t e s t  r i g  d a t a  

cs f o r  each t y p e  o f  r e g e n e r a t o r  w e r e  mea- 
s f l o w  r i g .  For each s e r i e s  o f  engine 
ed i n  p a i r s  w i t h  match ing f low 

STANDARD AND PART-POWER REGENERATOR TESTS 

The s tandard r e g e n e r a t o r  t e s t  d a t a  was used as a b a s e l i n e  t o  compare the  
performance o f  t h e  engine w i t h  t h e  part-power r e g e n e r a t o r  t e s t  r e s u l t s ,  a l o n g  
w i t h  code p r e d i c t i o n s  f o r  each. 
regenera to rs  was to  i n v e s t i g a t e  how w e l l  t he  code, w i t h  t h e  a p p r o p r i a t e  m o d i f i -  
c a t i o n s ,  was a b l e  t o  p r e d i c t  t h e  performance for a d i f f e r e n t  r e g e n e r a t o r  
des ign.  These part-power regenera to rs  were  o p t i m i z e d  fo r  maximum e f f i c i e n c y  
a t  1500 rpm. 

The main purpose o f  t e s t i n g  t h e  par t -power 

Brake Power 

Brake power r e s u l t s  f o r  t h e  s tandard and part-power r e g e n e r a t o r s  a r e  shown 
i n  f i g u r e s  3 (a>  and ( b )  r e s p e c t i v e l y .  The r e s u l t s  were c l o s e  t o  t h e  NASA Lewis 
code p r e d i c t i o n s  i n  bo th  cases. The h i g h e s t  va lue  f o r  t h e  s tandard  regenera- 
tors was 43.21 kW f o r  t h e  engine and 43.43 kW fo r  t h a t  p r e d i c t e d  from t h e  code. 
Measured va lues  w e r e  0 .1 t o  7 pe rcen t  lower than t h e  p r e d i c t e d  v a l u e s .  The 
measured power f o r  t h e  part-power regenera to rs  f e l l  s l i g h t l y  f a r t h e r  below t h e  
p r e d i c t e d  va lues .  The maximum measured brake power f o r  t h e  part-power regener-  
a t o r s  was 42.95 kW, compared t o  t h e  p r e d i c t e d  maximum o f  44.17 kW. For each o f  
t h e  da ta  p o i n t s  t e s t e d ,  t h e  measured brake power was 3 to  10 p e r c e n t  lower than  
t h e  p r e d i c t e d  va lues .  The shapes o f  these curves a re  n e a r l y  i d e n t i c a l  for  t h e  
measured and p r e d i c t e d  power. 

Brake E f f i c i e n c y  

Brake e f f i c i e n c y  f o r  t h e  s tandard and part-power r e g e n e r a t o r s  a r e  shown i n  
f i g u r e s  4(a> and ( b > .  The measured brake e f f i c i e n c y  i s  c l o s e  to, b u t  g e n e r a l l y  
tends t o  f a l l  s l i g h t l y  below t h e  p r e d i c t e d  va lues .  The measured d a t a  seems t o  
form a d i s t i n c t  f a m i l y  o f  curves w i t h  t h e  co r respond ing  p r e d i c t e d  d a t a .  
bo th  cases, t h e  measured va lues  f e l l  w i t h i n  0.1 t o  2 . 3  percentage p o i n t s  o f  t h e  
p r e d i c t e d  e f f i c i e n c y .  

I n  

I M E P  

The d i g i t a l  and analog I M E P  d a t a  agreed. The average compression space 
I M E P ' s  r e l a t i v e  t o  the  p r e d i c t e d  va lues a re  shown i n  f i g u r e s  5 ( a >  and ( b ) .  
I M E P  va lues f o r  t h e  expansion space a r e  shown i n  f i g u r e s  6 ( a >  and ( b > .  The 
IMEP va lues from t h e  M E I S  system f o l l o w e d  t h e  same t r e n d s  f o r  b o t h  s e t s  of 
r e g e n e r a t o r  da ta .  
ous pressures and speeds a r e  r e l a t i v e l y  c o n s i s t e n t  for  b o t h  types o f  regenera-  
tors.  The measured compression and expansion space I M E P  decreased w i t h  

The r a t i o s  o f  t h e  a c t u a l  to  p r e d i c t e d  va lues  for t h e  v a r i -  
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i n c r e a s i n g  speed. 
space I M E P ' s  were lower than  p r e d i c t e d .  

Measured d a t a  f o r  b o t h  t h e  compression space and expansion 

Very 
tors w e r e  
10 MPa or 
most l i k e  

low I M E P  va lues f o r  t h e  expansion space w i t h  t h e  s tandard regenera- 
observed a t  15 MPa. These were n o t  c o n s i s t e n t  w i t h  d a t a  a t  5 and 
w i t h  d a t a  from t h e  part-power r e g e n e r a t o r s .  The low va lues were 
y due t o  a m a l f u n c t i o n  o f  t h e  M E I S  system. 

Dynamic Pressure Measurements 

The measured and p r e d i c t e d  dynamic pressures 
expansion space i n  c y c l e  4 versus c rank  ang le  a re  
r e s p e c t i v e l y .  The corresponding P-V diagrams f o r  
shown i n  f i g u r e s  8 (a>  and ( b ) .  T h i s  da ta  i s  f o r  
a t  15 MPa and 2000 rpm. 

f o r  t h e  compression and 
shown i n  f i g u r e s  7 ( a >  and ( b )  
these p ressu res  a r e  a l s o  
he part-power r e g e n e r a t o r s  

The measured pressures appear to  have a smal e r  amp l i t ude  than  t h e  p re -  
d i c t e d .  
and mean va lue  as t h e  p r e d i c t e d  cu rve ,  i t  was p o s s i b l e  t o  compare waveforms as 
w e l l  as phase r e l a t i o n s h i p .  The waveforms a r e  c l o s e ,  b u t  t h e  measured d a t a  
t e n d  to  have s l i g h t l y  lower maximum and minimum va lues  than  p r e d i c t e d ,  i n d i c a t -  
i n g  t h a t  t h e r e  i s  a smal l  d i f f e r e n c e  i n  t h e  o v e r a l l  shape o f  t h e  c u r v e s .  A 
phase s h i f t  o f  about two c r a n k s h a f t  degrees i s  a l s o  p r e s e n t .  
amp l i t udes  o f  t h e  measured d a t a  i n d i c a t e  t h a t  t h e r e  was some leakage i n  t h e  
engine p o s s i b l y  due to  t h e  p i s t o n  r i n g s .  
depth.  

By n o r m a l i z i n g  t h e  measured p ressu re  d a t a  t o  have t h e  same a m p l i t u d e  

The reduced 

T h i s  i s  b e i n g  i n v e s t i g a t e d  i n  more 

SILICON CARBIDE REGENERATOR TESTS 

The s i l i c o n  c a r b i d e  r e g e n e r a t o r s  w e r e  s u p p l i e d  by Energy Research and Gen- 
e r a t i o n  I n c .  (ERG) .  Because o f  t h e  l a r g e  v a r i a t i o n  i n  t h e  s i l i c o n  c a r b i d e  f low 
c h a r a c t e r i s t i c s ,  a l l  e i g h t  r e g e n e r a t o r s  c o u l d  n o t  be t e s t e d  i n  t h e  eng ine  a t  
t h e  same t i m e .  The re fo re ,  t h e  r e g e n e r a t o r  c o n f i g u r a t i o n  for t h e  s i l i c o n  ca r -  
b i d e  t e s t s  c o n s i s t e d  o f  f i v e  w i r e  screen t y p e  and t h r e e  o f  t h e  S I C  t y p e .  

One p a i r  o f  ceramic r e g e n e r a t o r s  was i n s t a l l e d  i n  t h e  f i rs t  thermodynamic 

Standard screen r e g e n e r a t o r s  w e r e  i n s t a l l e d  i n  t h e  

c y c l e .  
s t e e l  w i r e  mesh screen r e g e n e r a t o r  w i t h  s i m i l a r  flow c h a r a c t e r i s t i c s  i n  t h e  
t h i r d  thermodynamic c y c l e .  
rema in ing  two c y c l e s .  

The t h i r d  ceramic r e g e n e r a t o r  was p a i r e d  w i t h  a s tandard  s t a i n l e s s  

Al though i t  was n o t  p o s s i b l e  t o  t e s t  w i t h  a complete matched s e t  o f  
ceramic regenera to rs  i n  t h e  engine,  i t  was f e l t  t h a t  some u s e f u l  i n f o r m a t i o n  
would be gained by t h e  t e s t s :  ( 1 )  t h e  s t r u c t u r a l  and chemical  s t a b i l i t y  o f  t h e  
m a t e r i a l  c o u l d  be eva lua ted  i n  an engine env i ronment ;  ( 2 )  d a t a  from t h e  i n d i -  
v i d u a l  c y c l e s  c o u l d  be compared w i t h  code p r e d i c t i o n s ;  and ( 3 )  t h e  e f f e c t  o f  
u s i n g  unmatched components i n  t h e  engine c o u l d  be observed. 

Prior t o  t e s t i n g ,  one r e g e n e r a t o r  was c y c l i c  f low t e s t e d  w i t h  n i t r o g e n  for  
8 h r  a t  3 Hz to  m in im ize  t h e  r i s k  t o  t h e  engine.  
across t h e  regenera to r  f o r  t h i s  t e s t  was t h e  same as t h e  maximum drop expected 
i n  t h e  engine.  

The maximum p ressu re  drop 

The m a t e r i a l  was a l s o  s t a t i c a l l y  t e s t e d  f o r  88 h r  i n  a 
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hydrogen environment;  t h e  apparent  we igh t  loss was s m a l l ,  a p p r o x i m a t e l y  
0.03 p e r c e n t  

Computer code p r e d i c t i o n s  were made on an i n d i v i d u a l  c y c l e  b a s i s  f o r  one 
c y c l e  hav ing  a matched p a i r  o f  Sic r e g e n e r a t o r s .  Due t o  t h e  n a t u r e  o f  t h e  
code, p r e d i c t i o n s  c o u l d  n o t  be made for t h e  c y c l e  h a v i n g  nonhomogeneous regen- 
e r a t o r s .  The re fo re ,  brake power and brake e f f i c i e n c i e s  f o r  t h i s  r e g e n e r a t o r  
c o n f i g u r a t i o n  c o u l d  n o t  be p r e d i c t e d  a c c u r a t e l y .  

Wi th  mixed r e g e n e r a t o r s  i n  t h e  engine,  t h e  average measured h e a t e r  tube 
temperature v a r i e d  g r e a t l y  between h e a t e r  quadrants  ( f i g .  9 ) .  The back row 
h e a t e r  head temperatures co r respond ing  t o  quadrant  3 w i t h  one Sic  and one 
screen r e g e n e r a t o r  i n d i c a t e d  t h e  d i f f e rences  i n  t h e  hea t  t r a n s f e r  c h a r a c t e r i s -  
t i c s  o f  t h e  m a t e r i a l s .  The back row h e a t e r  tube temperature i n  t h e  f low p a t h  
w i t h  t h e  s i l i c o n  c a r b i d e  r e g e n e r a t o r  was 652 "C compared t o  721 "C for  t h e  
f low p a t h  w i t h  t h e  w i r e  screen r e g e n e r a t o r .  
connec t ing  d u c t  gas temperature for t h i s  c y c l e  was about  5 "C h i g h e r  than  t h a t  
f o r  t h e  w i r e  screen d u c t .  The Sic m a t e r i a l  was n o t  as e f f e c t i v e  as t h e  w i r e  
screens i n  t r a n s f e r r i n g  t h e  heat  to  and from t h e  work ing  f l u i d  because i t  was 
n o t  o p t i m i z e d  f o r  t h i s  engine.  The c y c l e s  w i t h  t h e  S I C  r e g e n e r a t o r s  tended t o  
have g r e a t e r  hea t  f low th rough  t h e  r e g e n e r a t o r s  from t h e  expansion space t o  
t h e  compression space. 

Also, t h e  s i l i c o n  c a r b i d e  c o l d  

The measured expansion space I M E P  va lues a t  15 MPa d i d  fo l low t h e  same 
t r e n d  as t h e  code ( f i g .  10). I n  c o n t r a s t  w i t h  t h e  s tandard  and part-power 
r e g e n e r a t o r  t e s t s ,  t h e  measured I M E P  was h i g h e r  than t h e  p r e d i c t e d  v a l u e s .  
The d a t a  f o r  t h e  c y c l e  w i t h  t h e  two p a i r e d  s i l i c o n  c a r b i d e  r e g e n e r a t o r s  shows 
a s i g n i f i c a n t  decrease i n  expansion space I M E P  a t  t h e  h i g h e r  speeds because o f  
t h e  reduced hea t  t r a n s f e r  c a p a b i l i t y  and t h e  n o n u n i f o r m i t y  o f  t h e  s i l i c o n  ca r -  
b i d e  m a t e r i a l .  

The Sic regenera to rs  appeared to  s u r v i v e  engine t e s t i n g  w i t h  a 5 p e r c e n t  
decrease i n  flow c h a r a c t e r i s t i c s  across t h e  r e g e n e r a t o r  and a v e r y  smal l  we igh t  
change, app rox ima te l y  0.3 p e r c e n t .  Th i s  weight  loss may have been due t o  a 
smal l  amount of g l a s s  b i n d e r  r e a c t i n g  w i t h  t h e  hydrogen. 

SUMMARY AND CONCLUDING REMARKS 

The r e s u l t s  o f  these NASA Lewis P-40 S t i r l i n g  engine t e s t s  can be summar- 
i z e d  w i t h  t h e  f o l l o w i n g :  

1 .  The computer code developed a t  NASA Lewis d i d  p r e d i c t ,  w i t h  reasonable 
accuracy,  t h e  performance o f  t h e  engine th roughou t  t h e  range o f  o p e r a t i n g  
p o i n t s  t e s t e d .  
agreed q u i t e  w e l l  w i t h  t h e  s tandard and part-power r e g e n e r a t o r  da ta .  

I n  p a r t i c u l a r ,  t h e  p r e d i c t e d  brake power and brake e f f i c i e n c y  

2 .  I M E P  t r e n d s  for  t h e  code f o l l o w e d  t h e  a c t u a l  measured curves as 
observed from t h e  M E I S  system. 
than t h e  p r e d i c t e d  va lues .  

The measured I M E P  d a t a  was c o n s i s t e n t l y  lower 

3. Measured dynamic pressures a r e  s i m i l a r  to  those p r e d i c t e d  b u t  have 
s m a l l e r  amp l i t ude  and an apparent  phase s h i f t .  
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4. S t r u c t u r a l l y ,  t h e  s i l i c o n  c a r b i d e  m a t e r i a l  was capable o f  w i t h s t a n d i n g  
t h e  v a r y i n g  p ressu re  f o r c e s  w i t h i n  t h e  engine.  However, t h e r e  appears t o  have 
been a s l i g h t  chemical r e a c t i o n  w i t h  t h e  hydrogen work ing  gas. 

The work o f  v e r i f y i n g  t h e  NASA Lewis S t i r l i n g  code i s  j u s t  beg inn ing .  
Fu tu re  t e s t i n g  w i t h  t h e  Advenco ( v a r i a b l e  s t r o k e ,  swashplate d r i v e ) ,  and Mod I 
S t i r l i n g  engines a t  NASA Lewis w i l l  p r o v i d e  f u r t h e r  t e s t  d a t a  for  code v a l i d a -  
t i o n .  The e f f o r t s  w i t h  t h e  P-40 t e s t s  has a ided  t o  e s t a b l i s h  techniques and 
procedures t h a t  may be used i n  measur ing I M E P  and r e c o r d i n g  dynamic d a t a  f o r  
these engines.  A l though t h e  P-40 engine t e s t i n g  has been t e r m i n a t e d ,  compo- 
nen t  f low t e s t s  and d imensional  checks a re  i n  p rog ress  t o  ensure t h e  accuracy 
o f  the  i n f o r m a t i o n  i n p u t  t o  t h e  computer code. 
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